Aeromonas hydrophila is a significant human pathogen that causes both gastrointestinal and nonintestinal diseases in children and adults (4, 28) . These bacteria are isolated from freshwater, salt water, and a variety of foods (4) and produce an impressive array of virulence factors, including hemolysins, cytotonic and cytotoxic enterotoxins, proteases, lipases, leucocidins, endotoxin, adhesions, and an S-layer (4, 41, 42) . Our laboratory isolated and molecularly characterized a cytotoxic enterotoxin (Act) from A. hydrophila and subsequently demonstrated that it possessed several biological activities (10) . Act causes lysis of red blood cells, is cytotoxic to intestinal and nonintestinal cells, evokes intestinal fluid secretion, and is lethal in nanogram quantities (27 ng) when injected intravenously into mice (4, 10, 60) .
The majority of our previous studies focused on macrophage responses to Act, because this toxin caused monocyte/macrophage infiltration into the intestines of animals. Activation of these phagocytic cells contributes to fluid secretory responses and massive inflammation and tissue damage, which are normally associated with A. hydrophila infections (60) . By using microarrays, we identified cell signaling pathways induced by Act that led to inflammatory responses (7) (8) (9) and caused apoptosis of murine RAW 264.7 and peritoneal macrophages (11) . Act-induced apoptosis of murine macrophages involved activation of caspases 3, 8, and 9, which was dependent upon the presence of the receptor for tumor necrosis factor alpha (12) . Act also caused release of cytochrome c and apoptosisinducing factor from mitochondria, which was not preceded by depolarization of the mitochondrial membrane (12) .
Although we clearly demonstrated that Act exerts multiple biological effects on macrophages, intestinal epithelial cell responses to Act are likely important during Aeromonas-associated gastroenteritis. Indeed, our previous studies indicated that Act activated mitogen-activated protein kinases (MAPKs) in a human intestinal epithelial cell line (T84) and also caused classical apoptosis of T84 cells, as demonstrated by confocal microscopy and caspase-3 cleavage (12) . We further showed Act-induced apoptosis in another human intestinal epithelial cell line (HT-29) by annexin V and propidium iodide staining (12) . In order to characterize global transcriptional responses to Act in human intestinal epithelial cells and to better understand host cell signaling, we performed microarray analyses of Act-treated nonpolarized and polarized HT-29 cells. We also used an unbiased proteomics-based approach to identify potential signaling molecules that were phosphorylated or dephosphorylated in response to toxin treatment. In addition, we demonstrated Act-induced production of interleukin-8 (IL-8), which was calcium dependent, and activation of the transcription factors cyclic AMP-response element binding protein (CREB), and activator protein 1 (AP-1) in Act-stimulated HT-29 cells that could play a pivotal role in inducing inflammation and fluid secretory responses.
MATERIALS AND METHODS
Cell culture. The human intestinal epithelial cell line HT-29 was purchased from the American Type Culture Collection (Manassas, VA). These cells have been extensively used as a model system for studying interaction of enteric pathogens or their toxins with intestinal epithelial cells (9, 59, 70) . The cells were cultured at 37°C and 5% CO 2 in Dulbecco minimal essential medium (Gibco-BRL, Gaithersburg, MD) containing 4.5 g of glucose/liter, 10% fetal bovine serum, 2 mM L-glutamine, and the antibiotics penicillin (100 U/ml) and streptomycin (0.1 mg/ml). HT-29 cells are human enterocytes that are relatively undifferentiated when grown under these conditions. For each experiment, 5 ϫ 10 5 cells/ml were plated in 35-mm dishes and allowed to attach overnight. For apical and basal cell treatments with Act, 5 ϫ 10 5 cells/ml were polarized by growing for at least 1 week on Costar transwell polycarbonate membrane six-well plate inserts, with a pore size of 0.4 m (Corning Life Sciences, Acton, MA). The polarized HT-29 cells contain two phenotypes resembling terminally differentiated absorptive enterocytes with properties of Cl Ϫ secretion and mucus-secreting goblet cells. The medium was removed, and fresh medium containing the stimulant (12 ng [unless otherwise stated] of lipopolysaccharide [LPS]-free Act/ml) was added (5) in the upper chamber (apical) or lower chamber (basal) for the indicated times. For calcium chelation experiments, cells were pretreated with the calcium chelator, 1,2-bis(o-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetra(acetoxy-methyl) ester (BAPTA-AM; 10 M) for 2 h prior to the addition of Act and remained in the medium throughout the time course of the experiment (54) .
Microarray analysis. RNA at 0, 2, and 12 h from Act-treated HT-29 cells was isolated by using the RNAqueous kit (Ambion Austin, TX), and 20 g of total RNA was processed for microarray analysis. Briefly, cDNA synthesis, in vitro transcription, and labeling and fragmentation to produce the oligonucleotide probes were performed as instructed by the GeneChip manufacturer (Affymetrix, Santa Clara, CA). The probes were first hybridized to a test array (Affymetrix) and then to the GeneChip human genome HU133A; both were performed using the GeneChip Hybridization Oven 640. The chips were washed in a GeneChip Fluidics Station 400 (Affymetrix), and the results were visualized with a Gene Array scanner using Affymetrix software. The data were analyzed by using GeneChip Operating Software (GCOS; Affymetrix), Significance Analysis of Microarrays (SAM; Stanford University, Stanford, CA) (30), Spotfire DecisionSite 7.3 (Spotfire, Inc., Somerville, MA), and analysis of variance (ANOVA; Spotfire DecisionSite 7.3). Computational hierarchical cluster analysis was performed by using Spotfire DecisionSite 7.3, Cluster/Treeview (Eisen Laboratory, University of California, Berkeley, CA) (40), CLUSFAVOR 6.0 (Baylor College of Medicine, Houston, TX), and ArrayMiner5 (Optimal Design, Belgium).
Real-time RT-PCR. Real-time quantitative reverse transcriptase PCR (RT-PCR) was performed in the LightCycler thermal cycler system (Roche Diagnostics, Indianapolis, IN) with SYBR Green I dye (Qiagen, Valencia, CA) as described by the manufacturer. Briefly, 200 ng of RNA was placed into a 20-l reaction volume containing 1 g of each primer, 10 l of SYBER Green PCR master mix, and 0.2 l of reverse transcriptase. A typical protocol included reverse transcription at 55°C for 20 min and a denaturation step at 95°C for 15 min, followed by 40 cycles with 95°C denaturation for 15 s, 55°C annealing for 20 s, and 72°C extension for 20 s. The temperature transition rate was set at 20°C per s. Detection of the fluorescent product was performed at the end of the extension period at 80°C for 10 s. To confirm amplification specificity, the PCR products were subjected to a melting curve analysis. Negative controls containing water instead of RNA were concomitantly run to confirm that the samples were not cross-contaminated. Targets were normalized to reactions performed by using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amplimers (Biosource, Camarillo, CA), and the fold change was determined with the LightCycler analysis software, as previously described (72) .
Cytokine profiles. Bio-Plex cytokine assays (Bio-Rad, Richmond, CA) were performed by the Gastrointestinal Immunology Core of the Texas Gulf Coast Digestive Diseases Center (University of Texas Medical Branch at Galveston) as described by the manufacturer. Briefly, 50 l of cytokine standards or samples (supernatant from Act-treated cells) were incubated with 50 l of anti-cytokine conjugated beads in 96-well filter plates for 30 min at room temperature with shaking. Plates were then washed by vacuum filtration three times with 100 l of Bio-Plex wash buffer, 25 l of diluted detection antibody was added, and plates were incubated for 30 min at room temperature with shaking. After three filter washes, 50 l of streptavidin-phycoerythrin was added, and the plates were incubated for 10 min at room temperature with shaking. Finally, plates were washed by vacuum filtration three times, beads were suspended in Bio-Plex assay buffer, and samples were analyzed on a Bio-Rad 96-well plate reader.
ELISA. Levels of IL-8 in tissue culture supernatants from Act-treated HT-29 cells were determined by enzyme-linked immunosorbent assay (ELISA) according to our published procedure (61) . Briefly, high-binding microtiter plates were coated with purified anti-cytokine capture antibodies and incubated overnight at 4°C. After washing and blocking, samples or standards were added, followed by washing with phosphate-buffered saline (PBS)-Tween (0.1%). Detection antibodies were added and incubated for 45 min at room temperature. Plates were then washed, and an enzyme conjugate (streptavidin-conjugated horseradish peroxidase) was added and incubated at room temperature for 30 min. After washing, ABTS [2,2Јazinobis(3-ethylbenzthiazolinesulfonic acid)] substrate was added, and the optical density was read with an ELISA plate reader (Molecular Devices Corp., Sunnyvale, CA) at 405 nm.
Western blot analysis. Antibodies were purchased from Cell Signaling Technology (Beverly, MA), and Western blot analysis was performed by established procedures (56) with slight modifications according to specifications of the antibody manufacturer. Briefly, equal amounts of total protein were loaded and separated on sodium dodecyl sulfate (SDS)-10% polyacrylamide gels and then transferred to nitrocellulose membranes. Membranes were blocked with 5% milk and washed in 1ϫ Tween (0.1%)-Tris-buffered saline (TTBS) three times for 5 min each time. Primary antibodies diluted 1:1,000 in 5% milk or bovine serum albumin (prepared in 1ϫ TTBS) were allowed to incubate overnight at 4°C. After washing, horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) was diluted 1:2,000 in 5% milk and applied to the membranes. Subsequently, membranes were washed and a chemiluminescence substrate (Pierce Biotechnology, Rockford, IL) was applied and allowed to incubate at room temperature for 5 min, before the membranes were exposed to X-ray films (12) .
Phosphoprotein screens. Whole lysate protein samples (500 g) from Acttreated (12 or 50 ng/ml) HT-29 cells (nonpolarized or polarized) were analyzed by using KinetWorks KPSS-1.3 phosphorylation screens (Kinexus Bioinformatics Corp., Vancouver, British Columbia, Canada) as described by the manufacturer. The KinetWorks analysis, which was performed by Kinexus, involved resolution of a single lysate sample by SDS-polyacrylamide gel electrophoresis (PAGE) and subsequent immunoblotting with panels of up to three primary antibodies per channel in a 20-lane Immunetics Multiblotter. The antibody mixtures were carefully selected to avoid overlapping cross-reactivity with target proteins. Normalized trace quantity units (cpm) were arbitrary based on the intensity of fluorescence detection for target immunoreactive proteins recorded with a Fluor-S MultiImager and quantified by using Quantity One Software (Bio-Rad) (12) . Kinexus performed all of the normalization and statistical analysis on the data.
Gel shift analysis. Gel shift assays were performed as previously described (13) . Briefly, consensus oligonucleotide for CREB or AP-1 was labeled by using T4 polynucleotide kinase (Promega, Madison, WI) according to the instructions of the manufacturer. Next, DNA-binding reaction mixtures were assembled. We used unlabeled CREB or AP-1 consensus oligonucleotide as a specific competitor, unlabeled NF-B consensus oligonucleotide as a nonspecific competitor (Promega), and nuclear extracts from specific time points after Act treatment (50 ng/ml) of polarized HT-29 cells (apical side). Nuclear extracts were prepared by using NE-PER kit (Pierce Biotechnology) as described by the manufacturer. The reaction mixtures were incubated at room temperature for 10 min, followed by the addition of 20,000 cpm of 32 P-labeled transcription factor consensus oligonucleotide and incubation for 20 min at room temperature. Subsequently, 1 l of gel loading 10ϫ buffer (Promega) was added to each reaction mixture, and samples (5 g) were loaded on a nondenaturing 4% polyacrylamide gel. The gel was prerun in 0.5ϫ Tris-borate-EDTA buffer for 30 min at 35 mA before the samples were loaded. After completion of the run, the gel was transferred to Whatman 3MM paper, dried at 80°C for 5 h, and exposed to X-ray film overnight to 48 h. Calcium mobilization. Calcium mobilization experiments were performed essentially as previously described (54) . Briefly, HT-29 cells (10 6 cells/ml) in calcium-free Dulbecco modified Eagle medium containing 10% fetal bovine serum were loaded with 5 nM Fura 2-AM and 0.8 mM pluronic. Cells were protected from light, vortexed briefly, and then incubated at 37°C for 1 h. Subsequently, cells were centrifuged at 3,000 rpm for 5 min and then washed three times with Hank's buffered salt solution (Sigma, St. Louis, MO). An aliquot of the cell suspension (1.5 ml) was read in a Hitachi (Naperville, IL) F-2500 fluorescence spectrophotometer for 300 s. Act (2.3 g/ml) was added after a basal fluorescence level for the cells was achieved. At the end of the experiment, 1 M ionomycin and 67 M EGTA were added to measure, respectively, the maximum and minimum calcium release from cells.
All of the experiments were performed at least in triplicate, and representative data are presented. Where applicable, the data were plotted as arithmetic mean Ϯ the standard deviation, and the Student t test (P Յ 0.05) was used for data analysis.
RESULTS
Act induces upregulation of gene transcription in human intestinal epithelial cells. HT-29 cells were treated with a sublethal dose of Act (12 ng/ml) for 0, 2, and 12 h (in triplicate), VOL. 73, 2005 MICROARRAY AND PROTEOMICS ANALYSES OF HT-29 CELLS 2629 and the RNA was isolated and applied to HU133 GeneChips, as previously described (13) . In addition, one experiment (0 and 2 h) of Act-treated (12 ng/ml) polarized HT-29 cells was performed. Because the host cell receptor for Act could be distributed on either the apical or basolateral surface, polarized cells were treated with the toxin on both sides (apical and basal). The data were analyzed separately using four different techniques: GCOS, SAM, Spotfire 7.3, and ANOVA (13) . We expected a fold change of at least 2.0 as significant for Acttreated nonpolarized HT-29 cells (13) . However, we expected a fold change value of Ն1.5 to be significant for polarized cells, partly because gene expression changes in these cells were only deemed significant if they also occurred in nonpolarized cells. We also lowered the fold change expectation for polarized cells due to the fact that alterations in gene expression were generally lower in these cells compared to those of nonpolarized cells. However, we later noted that polarized cells responded more similarly to nonpolarized cells when higher doses of Act were used, possibly due to the physical nature of polarized cell monolayers with tight junctions. Genes that were deemed significant by all four analysis techniques were compiled into a list that included 45 probe sets representing 34 genes for 0-versus 2-h treatments of nonpolarized cells (Table 1) . Affymetrix GeneChip probe sets are 25 nucleotides long, and many genes are represented by two or more different probe sets that depict different portions of the same gene sequence (Affymetrix). We considered our data to be highly consistent, because Act upregulated three separate probe sets representing Jagged 1 and four different probe sets representing myeloid cell leukemia cell sequence 1 (Mcl-1) or T-cell death-associated gene 51 (TDAG51). Surprisingly, there were no downregulated genes that were deemed significant based on our analysis methods.
Based on microarray analysis results (Table 1) , Act significantly upregulated genes in epithelial cells that coded for proteins involved in cell cycle regulation (e.g., cyclin-dependent kinase inhibitor 1A [p21/Cip1], dickkopf homolog 1, and jagged 1) and apoptosis (e.g., Mcl-1 and TDAG51). There were three genes, encoding matrix metalloproteinase 1 (MMP1), soluble urokinase plasminogen activator receptor, and urokinase-type plasminogen activator receptor, involved in extracellular matrix digestion, that were upregulated by Act. Act also induced upregulation of three genes encoding proteins involved in cellular reorganization (e.g., actin), migration, and cell-cell communication: gap junction protein, beta 3 (connexin 31), cytokeratin, and ras homolog gene family, member E (RhoE) ( Table 1 ). There were several signaling molecules and transcription factors that were upregulated in HT-29 cells in response to Act by 2 h, including the AP-1 transcription factor subunit Fra-1. Likewise, four cytokines (cardiotrophinlike cytokine, GRO1, IL-8, and leukemia inhibitory factor [LIF]) were up regulated by Act in these epithelial cells, based on microarray analysis results ( Table 1 ). The expression of only one gene (MMP1) was significantly altered by Act between 0 and 12 h, based on all four analyses techniques used (GCOS, SAM, Spotfire, and ANOVA). MMP1 was upregulated by averages of 4.2-fold at 2 h (Table 1 ) and 6.2-fold at 12 h (data not shown).
Genes from polarized cells exhibited a similar pattern of expression alteration in response to Act treatment (Table 1) .
Only 5 of the 34 upregulated genes from Act-treated nonpolarized intestinal epithelial cells were not significantly altered in toxin-treated polarized cells (i.e., dickkopf homolog 1, growth differentiation factor 15, growth-related oncogene 1 [GRO1], ADP-ribosylation factor 2, and cytokeratin 17). The reason for these differences is unclear but could represent differential expression of genes in polarized versus nonpolarized cells, which requires further investigation.
Confirmation of Act-induced upregulation of genes in human intestinal epithelial cells by real-time RT-PCR. In order to confirm the microarray data, real-time RT-PCR was performed on selected genes (Table 2) . Experiments were run in parallel, and the fold change values were determined after normalization of each gene to GAPDH by using the comparative threshold method (37) . We chose 14 genes for verification (Tables 1 and 2 ) based on their known involvement in stress and/or apoptosis, cell cycle regulation, extracellular matrix digestion, and intracellular signaling related to immune responses. As shown in Table 1 , Mcl-1 and TDAG51 were upregulated in nonpolarized HT-29 cells 2.3-to 2.5-fold and 5.5-to 6.4-fold, respectively, according to microarray analyses, and we verified the upregulation of Mcl-1 (2.4-fold) and TDAG51 (16.7-fold) by real-time RT-PCR ( Table 2) . Likewise, real-time RT-PCR verified Act-induced upregulation of the other 12 genes. (Table 2 ). Verification of Act-induced upregulation of genes in polarized cells yielded similar results. As expected, induction of GRO1 was not observed in toxintreated polarized HT-29 cells, as also demonstrated by the microarray analyses (Tables 1 and 2 ). It is worth mentioning that the fold changes for IL-8 in Act treated HT-29 cells by microarray analysis were determined to be 21.8 to 31.6 and only 2.4 by real-time RT-PCR. Likewise, for LIF the fold change was 2.5 to 2.8 by microarray analysis and 14.6 by realtime RT-PCR ( Table 2) . One of the possible reasons for the discrepancies in the actual numbers is the nature of the two different techniques. For instance, the microarrays utilize probe sets (25 bp), whereas the real-time RT-PCR technique depends upon the nature of the primers and their locations and lengths.
We used the gene-encoding GAPDH as an internal control because its level remained unchanged for up to 2 h of treatment with Act in HT-29 cells. A slight (1.2-to 1.3-fold) but statistically insignificant increase in the levels of GAPDH mRNA was noted at 12 h based on microarray analysis. However, it could not be confirmed by real-time RT-PCR. Similar small and statistically insignificant increases in GAPDH transcript were also noted at 12 h in RAW 264.7 murine macrophages (13) .
Act-induced genes follow a similar pattern of expression in human intestinal epithelial cells. To identify groups of genes with similar expression patterns, we used four separate software programs to perform hierarchical clustering: Cluster/ Treeview, CLUSFAVOR 6.0, Spotfire DecisionSite 7.3, and ArrayMiner5. Example clusters are shown in Fig. 1A (CLUS-FAVOR) and B (Spotfire). Notably, all three 0-h time points clustered together, and all three 2-h time points clustered together (Fig. 1B) , indicating consistency between the three experiments, for this particular group of 200 genes (Fig. 1B) . Furthermore, the average expression levels of the genes in this cluster were very similar for the independent experiments, as a FC, fold change. Genes listed twice were represented on the microarrays by more than one probe set, and each was determined separately to be significantly upregulated by Act.
b Also upregulated between 0 and 12 h, as determined by all four analysis techniques. c NS, no significant change.
shown graphically in Fig. 1A . There were eight probe sets representing seven genes that consistently clustered together that were also considered significant by four analyses techniques: GCOS, SAM, Spotfire DecisionSite, and ANOVA (Fig. 1C) . Six of the coclustered genes were involved in cellular reorganization (i.e., connexin 31, cytokeratin 17, RhoE, and jagged 1) or cell growth (i.e., p21/Cip1, dickkopf homolog 1, and jagged 1). Cytokine profile analysis of Act-treated human intestinal epithelial cells. To determine which cytokines were indeed produced in response to Act, we performed a broad cytokine profile analysis on supernatants of Act-treated nonpolarized HT-29 cells. We chose a later time point than that used for microarray analyses (12 h) in order to examine levels of secreted proteins. There was no significant production of IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17, granulocytecolony stimulating factor, granulocyte-macrophage colony stimulating factor, gamma interferon, tumor necrosis factor alpha, IL-1␤, monocyte chemoattractant protein 1, or macrophage inflammatory protein 1␤ in response to Act (data not shown). However, Act induced production of IL-8 (952 pg/ml) in nonpolarized HT-29 cells (data not shown), which supported the microarray analysis results (Table 1) .
Act induces IL-8 production in polarized human intestinal epithelial cells. In vivo, intestinal epithelial cells are polarized, and many membrane receptors are localized to either the apical or basolateral side of each cell. In order to determine from which side of intestinal epithelial cells that Act might initiate host signaling, we performed ELISA of supernatants from either the apical or basal side of toxin-treated (12, 50, or 100 ng of Act/ml for 12 or 24 h) polarized epithelial cells. We used higher doses of Act (50 and 100 ng/ml), since these concentrations could be biologically relevant. Further, we intended to establish a dose-response effect of Act on IL-8 production in HT-29 cells. As shown in Fig. 2A , Act induced production of IL-8, which increased with dose, from apical side-treated HT-29 cells by 12 h. There was some production of IL-8 in basal side-treated cells by 24 h, but it was much lower than that from cells treated on the apical side (Fig. 2B) .
Act induces activation of MAPK signaling cascades via phosphorylation of ERK 1/2, p38 kinase, and JNK in human intestinal epithelial cells. Polarized HT-29 cells were treated on the apical side with 50 ng/ml of Act for various time points, and whole-cell lysates were subjected to electrophoresis and Western blot analysis. LPS-treated RAW 264.7 cells (100 ng/ml for 30 min) were used as a positive control because LPS has been shown to induce ERK, p38 kinase, and JNK pathways in RAW 264.7 murine macrophages (57) . Subsequent blots were probed with antibodies specific for the phosphorylated form of ERK 1/2 (p-ERK), JNK (p-JNK), or p38 (p-p38). Blots were also probed with total ERK, JNK, or p38 antibodies, which recognized both phosphorylated and nonphosphorylated forms, to control for protein loading. As shown in Fig. 3A , Act induced two bands (44 and 42 kDa), a finding consistent with the phosphorylated forms of ERK 1 and 2 by 2 h. Increased phosphorylation of ERK 1/2 observed upon Act treatment was not due to an increase in the protein concentration of ERK 1/2, as evidenced by similarly sized bands for each time point when blots were probed with total ERK 1/2 antibody (data not shown). Likewise, Act induced phosphorylation of JNK and p38 kinase in apical side-treated intestinal epithelial cells, although induction occurred later (4 h, Fig. 3B and C ). An increase in total protein concentration was not observed for either JNK (data not shown) or p38 kinase (Fig. 3D) . The data demonstrated for the first time activation of these kinases in polarized epithelial cells. In a previous study, we showed activation of these kinases in macrophages and in nonpolarized T84 epithelial cells (12) .
Act induces phosphorylation of multiple intracellular signaling molecules in human intestinal epithelial cells. In order to further characterize intestinal epithelial cell responses to Act, we undertook an unbiased proteomics-based approach to discover which proteins might mediate Act-induced host cell signaling. HT-29 cells (nonpolarized) were treated with PBS or Act (12 ng/ml) for 2 h, and whole-cell lysates (500 l [1 mg/ml] per treatment) were applied to KinetWorks Phosphoprotein Screens in order to analyze the expression profiles of 31 intracellular signaling proteins. We compared normalized trace 4A and B and 5A and B). Immunoblots including these seven proteins are shown in Fig. 4A (0 h) and B (2 h) for comparison, and the data are graphically represented, along with percentage increases or decreases in Fig. 5A and B.
We also performed phosphoprotein screens on whole-cell lysates (0 and 4 h) from apical side-treated (50 ng/ml of Act) polarized intestinal epithelial cells (Fig. 4C, 4D , 5A, and 5B). We chose a higher dose of Act for polarized cells, because IL-8 production in polarized cells treated on the apical side with 50 ng/ml of Act (1405.1 pg/ml, Fig. 2A ) was comparable to nonpolarized cells treated with 12 ng/ml of Act (952 pg/ml, data not shown). We chose the later time point (4 h), because Western blot analyses of lysates from apical side-treated polarized HT-29 cells revealed phosphorylation of JNK and p38 kinase at 4 h ( Fig. 3B and C) . Considered together, the data (Act-induced IL-8 production and MAPK phosphorylation) suggested that polarized cells were less responsive to low levels of toxin than nonpolarized cells.
Act induced phosphorylation of ERK 1 (443%), ERK 2 (530%), and c-Jun (496%), a phosphorylation target of JNK, by 4 h in polarized intestinal epithelial cells (Fig. 4C and D and 5A). ERK 2 was only minimally phosphorylated (11%) in toxin-treated nonpolarized cells. Phosphorylation of p38 kinase, however, was induced by Act by 2 h in nonpolarized HT-29 cells but not in polarized cells (Fig. 4A to D and 5A) . Phosphorylation of Raf-1 was downregulated in both nonpolarized (Ϫ31%) and apical-treated polarized (Ϫ36%) cells in response . Act also upregulated phosphorylation of the transcription factor CREB in nonpolarized (254%) and polarized (106%) intestinal epithelial cells (Fig. 4A to D and 5B). Act caused downregulation of phosphorylated PKB␣ (also called Akt1) in toxin-treated nonpolarized HT-29 cells (Ϫ47%, Fig. 4A, 4B, and 5B) and also in polarized cells, albeit at a lower level (Ϫ7%). As shown in Fig. 4C, 4D , and 5B, Act increased phosphorylation of PKC␣ (128%) and PKC␦ (110%) in apical side-treated polarized intestinal epithelial cells but not in nonpolarized cells (Fig. 5B) . Act treatment caused a decrease in signal transducer and activator of transcription 1 (STAT1) phosphorylation (Ϫ39%) and an increase in STAT3 phosphorylation (28%) in polarized HT-29 cells (Fig. 4C, 4D, and 5B). However, there were no changes in STAT1 or STAT3 phosphorylation in nonpolarized HT-29 cells.
There were two proteins for which Act treatment produced conflicting results in nonpolarized and apical-treated polarized cells: NR1 and Rb. NR1 was highly upregulated in polarized cells (102%) and downregulated in nonpolarized cells (Ϫ56%) in response to Act treatment. Likewise, Act caused upregulation of phosphorylated Rb in nonpolarized cells (137%) and downregulation in apical side-treated polarized cells (Ϫ63%) (Fig. 4A to D and 5B).
Act activates the transcription factors CREB and AP-1 in polarized human intestinal epithelial cells. Act-induced phosphorylation of CREB was observed for both nonpolarized and polarized human intestinal epithelial cells (Fig. 4A to D and 5B). In order to verify transcription factor activity of CREB, we performed gel shift assays, with a labeled consensus sequence specific for CREB, on nuclear extracts from polarized HT-29 cells treated with Act on the apical side. Figure 6 clearly demonstrates that Act caused nuclear translocation of a protein capable of binding a radiolabeled CREB binding sequence. The binding was evident between 30 min to an hour and persisted to at least 4 h. We also performed competition assays with unlabeled CREB (specific) or NF-B (nonspecific) consensus oligonucleotides. As shown in Fig. 6A , addition of the specific competitor ablated binding, whereas the nonspecific competitor did not, indicating that the band observed was indeed specific for CREB.
We previously demonstrated Act-induced AP-1 transcription factor activation in RAW 264.7 murine macrophages, by gel shift assay. In the present study we demonstrated Actinduced transcriptional upregulation of the AP-1 subunit Fra-1 in both nonpolarized and polarized HT-29 cells, by microarray analysis (Table 1) and real-time RT-PCR ( Table 2) . Act also caused phosphorylation of another AP-1 subunit, c-Jun, based on proteomics analysis (Fig. 4C, 4D , and 5A), and of the AP-1 activator JNK, based on Western blot analysis (Fig. 3B) , in polarized HT-29 cells. Considered together, the data implied that Act activated AP-1 transcription factor activity in human intestinal epithelial cells. As shown in Fig. 6B , we confirmed Act-induced activation of AP-1 by gel shift assay, which was evident by 30 min. The observed bands were specific for AP-1, as demonstrated by competition assays.
Act induces calcium mobilization in human intestinal epithelial cells. We investigated intracellular levels of calcium in Act-treated intestinal epithelial cells. The experiments were performed in calcium-free medium in order to specifically examine release of calcium from intracellular stores. Act-treated intestinal epithelial cells exhibited a biphasic release of calcium from intracellular stores, as measured by fluorescence spectroscopy (Fig. 7) . These results were similar to what we previously observed for Act-treated murine macrophages (54) . The first peak of calcium release was apparent within 10 s after addition of Act to the cells and continued for 70 s before declining. The second peak of calcium release occurred at 100 s after addition of Act, which continued to increase until termination of the experiment.
Calcium is required for maximal production of IL-8 in Acttreated human intestinal epithelial cells. In order to determine whether Act-induced production of IL-8 by intestinal epithelial cells was dependent upon intracellular calcium levels, we pretreated HT-29 cells with the calcium chelator BAPTA-AM, followed by 12 ng of Act/ml, and performed ELISAs on the supernatants. As shown in Fig. 8 , Act induced production of IL-8 by 8 h, as expected, which was strongly inhibited in the presence of BAPTA. Interestingly, BAPTA alone induced IL-8 production, though to a much lesser degree than Act. Compared to toxin treatment alone, addition of BAPTA plus Act inhibited production of IL-8 by 67%. Accounting for apparent BAPTA-induced IL-8 production, there was 75% less production of IL-8 in the absence of calcium.
DISCUSSION
In this study, we demonstrated that Act altered the expression of 45 probe sets representing 34 genes in HT-29 cells (Table 1 ). In our previous microarray study of Act-treated RAW 264.7 macrophages (13), by using similar statistical analysis methods, we demonstrated that Act altered the expression of 76 genes. The reason for this disparity in numbers of altered genes between these two cell types is unclear. However, it is possible that Act altered the levels of a greater number of transcripts in macrophages, compared to HT-29 cells, because Act is inflammatory in nature and macrophages are professional immune cells, especially equipped to respond to bacterial products. Alternatively, initial signaling events, such as binding to a host cell receptor, may differ between these two types of cells, which requires further investigation.
Based on microarray analysis results, Act induced two genes that are known to be involved in apoptosis: Mcl-1 and TDAG51 (Table 1) . Upregulation of these genes was verified by real-time RT-PCR ( Table 2 ). There are two isoforms of Mcl-1, which belongs to the Bcl-2 family of apoptotic proteins. The longer gene product (isoform 1) inhibits apoptosis, whereas the shorter gene product (isoform 2) induces apoptosis (25) . TDAG51 is a stress-associated protein that is required for T-cell receptor-dependent induction of Fas/Apo1/CD95 expression in murine T-cell hybridomas (49) and has also been shown to cause apoptosis via inhibition of protein synthesis (23) . Act-associated upregulation of these genes suggested that Act induces apoptosis of human intestinal epithelial cells. We did, in fact, test that hypothesis recently and demonstrated that Act caused apoptosis of HT-29 cells and another human intestinal epithe- lial cell line (T84) (12) . Coupled with cell cycle regulation (Tables 1 and 2 ), Act-induced apoptosis of intestinal epithelial cells carries important and obvious implications concerning Aeromonas-associated gastroenteritis.
Further, based on the microarray data, it seems likely that Act mediates some intestinal damage by directly altering the transcriptional profiles of the intestinal epithelial cells themselves. For example, Act induced upregulation of MMP1 at 2 and 12 h, which we verified by real-time RT-PCR (Table 2 ). Sustained production of MMP1 could conceivably contribute to disruption of intestinal HT-29 cells labeled with FURA 2-AM were treated with 2.3 g of Act/ml, and calcium release was measured by fluorescence spectroscopy. Biphasic calcium release from intracellular stores was noted in calcium-free medium. Three independent experiments were performed, and results from a typical experiment are shown. At the end of the experiment 1 M ionomycin and 67 M EGTA were added, for measuring, respectively, maximum and minimum calcium release from cells. Arrows indicate the times at which Act, ionomycin, or EGTA were added to the cells.
reorganization (e.g., actin), migration, and cell-cell communication (Table 1) (15, 18). There were several signaling molecules and transcription factors that were upregulated in response to Act by 2 h (Table 1) , including the AP-1 transcription factor subunit Fra-1, that could be involved in inflammatory responses, a situation similar to that observed in our previous study of Act-stimulated murine macrophages (13) . Based on hierarchical clustering analysis (Fig. 1) , Fra-1 coclustered with genes associated with cellular reorganization (i.e., connexin 31, cytokeratin 17, RhoE, and jagged 1) and cell growth (i.e., p21/Cip1, dickkopf homolog 1, and jagged 1). The similar expression pattern of these genes, as determined by clustering, suggested their involvement in the same signaling pathway or in separate but coregulated pathways. The data further implied that Act-induced cellular reorganization might involve dysregulation of the cell cycle, possibly in response to toxin-induced tissue damage.
There were four cytokine genes that were upregulated by Act, based on microarray analysis results (Table 1) , which we also verified by real-time RT-PCR (Table 2) or ELISA (Fig. 2) . Since Act-induced production of IL-8 by polarized epithelial cells, as determined by ELISA, only occurred when the cells were treated on the apical side, it is likely that Act initiates host signaling in human intestinal epithelial cells mainly from the apical side.
GRO1 and IL-8 are both chemotactic for neutrophils (21, 50) , which suggests that Act-mediated intestinal inflammation might involve infiltration of neutrophils in addition to monocytes. Although Act did not induce upregulation of GRO1 in polarized intestinal epithelial cells, IL-8 expression was induced (Tables 1 and 2 ) and would likely result in the same outcome (i.e., infiltration of neutrophils into the intestinal lumen during infection). These results strongly suggested that neutrophil recruitment, via IL-8 and possibly GRO1, might contribute to Aeromonas-associated inflammation of the intestinal tract. How monocytes are attracted to the sight of infection is not clear but might result from the chemoattractant nature of Act (29) . The combination of neutrophil and macrophage activation would likely produce a strong inflammatory response and further damage the intestinal epithelial layer. Future studies will include neutrophil responses to Act in order to determine the contribution of these cells to Aeromonasassociated gastroenteritis and inflammation.
In a previous study, we showed Act-induced activation of all three major MAPKs (ERK 1/2, p38, and JNK) in macrophages and in nonpolarized T84 epithelial cells (12) . In the present study, we demonstrated for the first time activation of these kinases in polarized epithelial cells by Western blot analysis (Fig. 3) . In order to determine what other phosphoproteins, if any, were activated by Act, we performed phosphoprotein screens of both nonpolarized and apical side-treated polarized epithelial cells. Consistent with the results obtained by Western blot analysis (Fig. 3) , Act induced phosphorylation of ERK 1, ERK 2, c-Jun, and p38 in these cells within 2 to 4 h (Fig. 4  and 5 ). This is also consistent with our previous study of MAPK activation in Act-treated T84 cells (12) . However, it is unclear why phosphoprotein screens of lysates from Acttreated polarized HT-29 cells did not reveal phosphorylation of p38, which was clearly demonstrated by Western blot analysis (Fig. 3C) .
Considered together, the data indicated that Act induced phosphorylation of MAPKs in human intestinal epithelial cells, which was mediated from the apical side of polarized cells. Furthermore, we demonstrated by gel shift assay that Act activated the downstream MAPK transcription factor AP-1 in polarized epithelial cells (Fig. 6) , which supported the microarray data (i.e., upregulation of the AP-1 subunit Fra-1) (Tables  1 and 2 ) and Western blot and phosphoprotein analyses (i.e., phosphorylation of JNK and c-Jun) (Fig. 3 to 5) . Since Act was previously demonstrated to activate ERK, p38, and JNK pathways and AP-1 in murine macrophages (12) , toxin-induced activation of MAPK signaling cascades might be a general mechanism of action of Act, irrespective of the cell type.
Surprisingly, Raf-1 phosphorylation was down regulated in both nonpolarized and apical side-treated polarized cells in response to Act (Fig. 4A to D and 5A) . Phosphorylation/ Act caused upregulation of phosphorylated adducin in HT-29 cells. Since adducin is a critical cytoskeleton assembly factor, phosphorylation of adducin might be responsible for Act-induced cytoskeletal disorganization, which was observed in murine macrophages (12, 13) . In addition, adducin-mediated alterations in sodium ion transport in intestinal epithelia exposed to Act might contribute to fluid secretion (64) and will be investigated further.
Act also upregulated phosphorylation of the transcription factor CREB in these intestinal epithelial cells (Fig. 4A to D and 5B). We verified activation of CREB in polarized cells by gel shift assay (Fig. 6) . CREB, which is activated via phosphorylation by PKB/Akt, PKC, p90RSK, or p38 kinase (2, 19, 33) , mediates cyclic AMP and calcium-dependent gene expression and functions in cell growth, homeostasis, and survival (39) . Phosphorylation of CREB has also been associated with cellular responses to genotoxic stress (62) . Act-induced activation of CREB in murine macrophages was previously demonstrated in our laboratory (5) , but this is the first report of CREB phosphorylation in human intestinal epithelial cells in response to Act. Act-induced activation of CREB and also of AP-1 in human intestinal epithelial cells would contribute to host cell signaling responses to the toxin, and future studies will be aimed at determining the specific roles of these transcription factors in Act-mediated inflammation, intestinal damage, and gastroenteritis.
Other researchers have demonstrated CREB-and/or AP-1-mediated transcriptional activation of Ephrin A2 (EphA2), CCAAT/enhancer-binding protein-␤, p21/Cip1, IL-8, LIF, MMP1, Mcl-1, aldehyde dehydrogenase 1, family member A3, and urokinase-type plasminogen activator receptor (6, 7, 24, 26, 27, 35, 36, 46, 47, (66) (67) (68) 74) , all of which were upregulated in HT-29 cells in response to Act, based on microarray analysis results (Table 1) . It is therefore likely that CREB and AP-1 are important mediators of Act-induced host cell signaling in human intestinal epithelial cells.
Act caused downregulation of phosphorylated PKB␣ in toxin-treated HT-29 cells (Fig. 4A, 4B, and 5B). Activation of PKB␣, which occurs through phosphoinositol-3-kinase (63) , results in the inactivation of apoptotic machinery components (1) . Therefore, Act-induced inhibition of PKB␣ activity might contribute to toxin-mediated cell death. As shown in Fig. 4C , 4D, and 5B, Act increased phosphorylation of PKC␣ and PKC␦ in apical-treated polarized intestinal epithelial cells. PKC family members phosphorylate a wide variety of protein targets and are known to be involved in diverse cellular signaling pathways (8) . PKC␣ was shown to function as a proapoptotic factor (31, 48, 51) . Likewise, PKC␦ has been shown to be involved in DNA damage-induced apoptosis (43) . It is unclear why Act did not induce phosphorylation of PKC␣ or ␦ in nonpolarized HT-29 cells (Fig. 4A, 4B, and 5B), but the large induction of these PKC isozymes in apical side-treated polarized cells suggests their involvement in toxin-mediated intracellular signaling and apoptosis. In addition, Act-induced activation of PKC might contribute to diarrhea via active secretion of Cl Ϫ , which was recently demonstrated for polarized HT-29 cells treated on the apical side with beta-hemolysin of A. hydrophila (9) .
Act treatment caused a decrease in STAT1 phosphorylation and an increase in STAT3 phosphorylation in polarized HT-29 cells (Fig. 5B) . STAT1 negatively regulates the transcription of several genes, including MMP1 and c-Myc (53), whereas STAT3 activates transcription of these genes (52) . The Actinduced decrease in phosphorylated STAT1 and increase in STAT3 phosphorylation (Fig. 4A to D and 5B) correlated with the observed upregulation, based on microarray analyses results, of MMP-1 and c-Myc (Table 1) . Modulation of STAT signaling by Act could have profound consequences on intestinal epithelial cell responses during Aeromonas-associated gastroenteritis and nonintestinal infections, as it relates to tissue damage and cell death, and thus will be further explored in future.
Act treatment produced conflicting results for two proteins (NR1 and Rb) in nonpolarized and apical side-treated polarized cells (Fig. 4A to D and 5B). NR1 was down regulated (Ϫ56%) in nonpolarized cells but upregulated (102%) in polarized HT-29 cells. NR1 is a glutamate-gated ion channel with high calcium permeability and voltage-dependent sensitivity to magnesium (44, 71) . Interestingly, NR1 phosphorylation was recently reported in human monocytes treated with live Mycobacterium bovis (22) , suggesting that NR1 activity might be involved in host responses to bacterial infections. Changes in the phosphorylation status of NR1 in response to Act could contribute to alterations in intracellular Ca 2ϩ levels in intestinal epithelial cells, which our laboratory is currently investigating.
Act caused upregulation of phosphorylated Rb in nonpolarized cells (137%) and downregulation in apical side-treated polarized cells (Ϫ63%). The Rb tumor suppressor protein is a potent inhibitor of cell proliferation, and phosphorylation of Rb results in Rb inactivation, which subsequently allows progression of the cell cycle. Decreased phosphorylation of Rb in Act-treated polarized HT-29 cells (Fig. 4C and D and 5B) is consistent with toxin-induced upregulation in the expression of the negative cell cycle regulator p21/Cip1 (Table 1) . However, it is unclear why an increase in Rb phosphorylation was observed in Act-treated nonpolarized intestinal epithelial cells (Fig. 4A, 4B, and 5B). It is likely that the differences observed between Act-treated nonpolarized and polarized cells were due to the different time points used (2 and 4 h, respectively) .
However, the opposing effects of Act on polarized and nonpolarized intestinal epithelial cells underscore the importance of cautiously interpreting data obtained by using transformed cultured cells and verifying the results in vivo.
We previously demonstrated Act-induced calcium mobilization in murine macrophages, which was derived from intracellular stores, as well as via influx from the extracellular medium (54) . In addition, Act-induced calcium mobilization was implied by our immunoblotting results in the present study (Fig.  4A to D and 5A and B) . For instance, Act induced phosphorylation of adducin and PKC, both of which could be mediated by calcium (32, 38, 69) . Act also activated CREB (Fig. 6) , which is known to mediate calcium-dependent gene expression (39) , as mentioned earlier. Most compelling, Act induced changes in the phosphorylation status of the NMDA receptor, NR1, which has been shown to regulate intracellular levels of calcium in neuronal cells (3, 16, 17, 65) As expected, Act did induce calcium mobilization in human intestinal epithelial cells (Fig. 7) , which could be important in the production of inflammatory mediators, such as IL-8, and crucial in the pathogenesis of Aeromonas gastrointestinal infections. In support of this hypothesis, we demonstrated that calcium was required for maximal production of IL-8 by intestinal epithelial cells in response to Act (Fig. 8) . However, since at least 25% of IL-8 produced by Act-treated human intestinal epithelial cells occurred in the absence of calcium (Fig. 8) , there probably exists an additional, calcium-independent mechanism for IL-8 production. Alternatively, calcium might serve to increase or amplify IL-8 production via a pathway that does not absolutely require calcium for minimal production.
In most cell types, regulation of IL-8 expression is typically mediated at the level of transcription (45, 46) . Proximal to the IL-8 gene are three elements, recognized by AP-1, CCAAT/ enhancer-binding protein (C/EBP/NF-IL-6), and NF-B, which are known to be involved in transcriptional upregulation of IL-8 (46, 73) . Because Act activated AP-1 in polarized HT-29 cells (Fig. 6B) , it is likely that transcriptional upregulation of IL-8 was mediated, at least in part, by AP-1. Actinduced CREB activation might have also contributed to IL-8 production, since CREB was previously demonstrated to enhance IL-8 production in the human monocyte-like cell line U937 (26) . Future studies will be aimed at definitively determining which transcription factor(s) is responsible for Actinduced upregulation of IL-8 and how calcium contributes to increased production of IL-8. Regardless of the underlying molecular mechanisms involved, Act-induced production of IL-8 by intestinal epithelial cells would undoubtedly contribute to influx of neutrophils, which would significantly contribute to Aeromonas-associated inflammation and gastroenteritis.
The present study provided for the first time Act-induced host transcriptional changes in nonpolarized and polarized human intestinal epithelial cells by microarray analyses. Further, proteomics approaches were used to delineate posttranslational changes in Act-treated intestinal epithelial cells. We also demonstrated calcium-dependent IL-8 production in response to Act, which was mediated from the apical side of polarized intestinal epithelial cells. Combined use of genomics and proteomics strategies allowed us to dissect signaling pathways in Act-treated host cells that could lead to tissue damage and gastroenteritis.
